Visual search operates in different modes assumed to reflect serial and parallel processing. The basis of this distinction is not yet clear. It is often assumed that serial search involves sequential shifts of focal attention across a scene and that no such shifts occur in parallel search. Direct measurements of attention effects during search show that the focus of attention moves to the target (and away from non-targets) both in serial and parallel search. This suggests that the two search modes do not differ in their attentional load but perhaps in the way in which focal attention is directed to the target.
When searching for an object in a scene our visual system shows an interesting dichotomy (Neisser, 1967; Treisman & Gelade, 1980; Julesz, 1984; Treisman, 1985; Wolfe, 1994) . Certain targets are detected immediately (they 'pop out') with search times that are independent of the number of visual objects (flat slopes of search time over the number of items). For other targets, search time, on average, increases with the number of objects (positive slopes), suggesting that they are analysed one after the other until the target is found. It was originally assumed that this dichotomy reflects different representations of target features in the brain (Julesz, 1984; Treisman, 1985; Treisman & Gormican, 1988) . Features that are processed and accessed in parallel would be detected immediately. Other stimulus properties, including many combinations of such elementary features, were assumed to require focal attention for detection. If focal attention can only be directed sequentially to different objects, search would take longer the more objects that are present in a scene. This explanation was challenged by the observation that parallel and serial search properties can be obtained with the same set of target and non-target stimuli (Duncan & Humphreys, 1989; Moraglia, 1989; Nothdurft, 1992) . Which strategy is used was found to depend on the local context in which the target is presented (Moraglia, 1989; Nothdurft, 1992 Nothdurft, , 1993b and on the previous experience of the observer (Sireteanu & Rettenbach, 1995) . This suggests that the processes underlying serial and parallel search might be less distinct than originally assumed. In particular, target detection and identification may require focal attention both in serial (presumably attentive) and parallel (presumably pre-attentive) search.
One way to shine light onto the role of attention in visual search is to estimate its focus when the target is detected. We have done this using the illusory line motion effect that strongly depends on the actual position of focal attention: a bar that is shown after attention was previously directed to a position near one of its ends, appears to move away from that location (Hikosaka, Miyauchi & Shimojo, 1993; Hecht, 1995; Hikosaka, Miyauchi & Shimojo, 1996; von Grü nau, Racette & Kwas, 1996a; von Grü nau, Dubé & Kwas, 1996b) . It was suggested that attention increases the speed of neural processing so that the bar is seen earlier Subjects were asked to search for a vertical line while keeping their gaze on a central fixation spot. They were instructed to respond as soon they detected the target, or to indicate if the target was absent. Search time (from stimulus onset to the subject's reaction) was measured. Search patterns contained 1-12 items at 8°eccentricity equally spaced on a circle. The target was present in half of the presentations and occurred at random positions. Typical search patterns are shown on the left. In two series of experiments, non-target stimuli could either have any orientation except vertical (serial search) or were all horizontal (parallel search). Reaction time measurements (right-hand graphs) show the typical characteristics of serial and parallel search. When non-targets were random (serial search), search time on average increased with the number of displayed items; target-absent conditions ('rejections') needed more time than target-present conditions ('hits'). When non-targets were all horizontal (parallel search), the search time was almost constant for all conditions, and did not differ between hits and rejections. Note that reaction times indicate qualitatively different search processes, although the same targets were searched for. Search processes of this sort were modified in the subsequent experiments to investigate focal shifts of attention during search. (Error bars give the standard error of the mean if this was larger than the size of data symbols).
at the attended than at non-attended locations, and hence appears to move. In the present study, subjects were asked to perform search tasks (that produced typical serial or parallel search characteristics) and, in addition, to indicate the apparent movement of a large bar presented at various positions in the display.
Methods
Subjects performed three series of experiments. Experiment 1 (Fig. 1 ) was a standard search task performed in order to verify that search procedures resembled the typical characteristics of serial and parallel search. Subjects were required to fixate a central fixation spot, and search items were all located at 8°in periphery. In two sub-series of this experiment (Experiment 1A, Experiment 1B) different search patterns (as depicted in Fig. 1 ) were used but subjects always performed the same task: to search for a vertical line and to indicate, as fast and as accurately as possible, whether the target was present or not. This task was modified in Experiment 2 (Fig. 2) . Immediately after the subject's reaction in the search task (only on hits) a test line was shown randomly located between the fixation point and the target or between the fixation point and the item opposite to it ('anti-target'). The two halves of this line could be presented in sequence (Dt =16.7 ms) or simultaneously (Dt = 0 ms). Subjects were asked to indicate, by means of global pointers on the keyboard, the direction in which the line appeared to move. In sub-series of this Experiment (Experiment 2A, Experiment 2B) search patterns with typical serial or typical parallel search characteristics (cf. Fig. 1 ) were used. In Experiment 3 (Fig. 3) only patterns of sub-series B (parallel search characteristics) were used but with four salient elements instead of one; one of these could be the target. On the subject's reaction to the search task (this time on both hits and rejections) the test line occurred between the fixation point and one of the salient items; data for non-target positions ('antitargets') were averaged in analysis and compared with When subjects signalled target detection, a test line was shown between the fixation spot and either the target or the item opposite to it ('anti-target'). Subjects had to indicate the direction in which this line appeared to move. Focal attention directed toward the target or the anti-target position should bias the perception of this test line so that it appears to move away from the attended location. In two thirds of the tests, the line was split and the two halves were switched on in sequence; sequences randomly resembled movement toward or away from the target or anti-target. In all other tests the two halves were presented simultaneously and the line occurred at once. (The gap between line segments is only for illustration and was not present in the experiment). Perceived line movement is plotted in the right-hand graphs. For anti-target positions (hatched bars), onset sequences were seen nearly correct to move 'away' from or 'to' the item; simultaneous presentations did not produce a motion percept. For target positions, however, test lines more often appeared to move away from that location (arrows) indicating that focal attention was directed there. This illusory motion was similarly seen in serial and parallel search tasks. Errors bars indicate the equivalent of standard errors of the means. Marked differences between target and anti-target conditions (arrows) were highly significant (P B 0.001).
those for target positions. In this experiment, targets and anti-targets had similar saliency; they all 'popped out'.
Each trial started with the presentation of the fixation point (0.2× 0.2°) 2 s before the search pattern. Subjects pressed different keyboard keys to indicate presence or absence of the target. Errors (generally less than 5%) elicited an acoustic warning signal, and erroneous trials were not used for analysis. In experiments modified to locate the focal attention of an observer (Experiments 2 and 3), keyboard reactions triggered the onset of the test line. Subjects indicated the apparent movement of this line by means of eight directional pointers on the keyboard (up, down, left, right, and the four oblique directions). While subjects were asked to perform the search task 'as fast and as accurately as possible', no time pressure was given for the indication of the apparent line movement thereafter. Test lines were shown for 200 ms and were then switched off at once, together with the search pattern and the fixation point. After a short interval (about 1 s) the next trial started.
Subjects performed the different search tasks in blocks of 30 min duration (run), in which the actual task (serial or parallel search) and test modifications (Experiments 1, 2, or 3) were not changed. The complete testing procedure involved four to five sessions of 2 h each. All data in this study are based on 70 -100 repeated measurements on each one of three subjects; for presentation these data were averaged across subjects.
The subjects (two female, one male; 16, 18, and 25 years old) were paid for their participation in the experiments. They had normal or corrected-to-normal visual acuity. Two of them had performed search tasks before but were not considered highly trained subjects for this task. All subjects were naive as for the purpose of this study and were not informed about the test systematics and the relevant parameters (targets vs. anti-targets, delayed or simultaneous test line presentations). They were instructed to give the highest priority to the search task (which had to be done in each experiment) and were told that test lines could move 'with different speed'.
Tests were run on a PC 486 (DOS) with standard graphics (VGA, 640× 480 pixel; 60 Hz noninterlaced). Viewing distance was 57 cm, and subjects viewed the screen in relaxed position with head support. Search items were 1.3× 0.3°large lines oriented either vertically (target) or at any other orientation, in steps of 15°( non-targets). They were red (17 cd m − 2 ) on a dark background (0.8 cd m
− 2 ); test lines were 4.7× 0.5°and white (56 cd m − 2 ). Timing (stimulus onset, measurement of reaction time) was synchronized to the frame rate of the monitor. Keyboard reactions switched on the test line presentation in the following frame. Due to the sequen-tial build-up of the display, top and bottom parts of a large stimulus are drawn with some delay. Theoretically, this could have biased the perception of test line movement in our experiments. In practice however, these delays were small (less than 2.8 ms between the top and the bottom of a vertical test line) and did not reveal a systematic bias of perceived motion in preliminary experiments in which we explicitly looked for such effects. In addition, any such effects should have averaged out in the data presented here since target and anti-target positions were randomly distributed around the fixation point.
It was important that subjects constantly fixated the central spot while searching for the target. They were instructed to carefully follow this rule; in addition fixation was controlled by a video camera in front of the subjects, which monitored eye positions on-line. As occasionally tested gaze shifts could be easily detected with this system and the fact that no such shifts occurred in the experiments confirmed for us that subjects performed the task in the required way. Fig. 1 illustrates the search tasks used. All items were located on a circle around the fixation point and appeared at the same retinal eccentricity (8°). Subjects had to search for a vertical line while maintaining fixation at the central spot. They were instructed to indicate as fast as possible when they had detected the target, or otherwise to signal that the target was absent from the pattern. Test patterns contained 1-12 bars; the target was present in half of the presentations. There were two test series (Fig. 1) . In series A, non-target bars could have any orientation (except vertical) in steps of 15°. In series B, all non-target bars were horizontal. The measured reaction times with these patterns resemble the typical serial and parallel search characteristics and confirm that subjects performed these tasks in different ways: search time linearly increased with the number of items in series A but was almost constant in series B.
Results
In order to localise the focus of attention when subjects had just detected the target, the search task was modified (Fig. 2) . In trials in which the target was correctly detected ('hits') a white test line was shown, triggered by the subject's response. Subjects had to indicate the direction in which this line appeared to move when building up. The test line occurred randomly at one of two positions, between the fixation point and the actual target ('target' position) or between the fixation point and the item opposite to the target ('anti-target' position). Only search patterns with 12 items were used in this experiment, and target positions were randomly varied. Although there should be no a priori difference in how the test lines at the target or anti-target positions were perceived, all subjects reported systematic differences in their apparent movement.
The test lines were presented in three different conditions. In the conditions 'away' and 'to' (cf. histograms in Fig. 2 ) the lines were divided into two parts that were switched on in sequence (Dt =16.7 ms). Under these conditions apparent motion could result from a true delay in stimulus onset corresponding to movement away from the target or towards it. In the third condition, the test lines were switched on at once ('simultaneous'); in Fig. 3 . Parallel search with four salient elements. Search patterns contained 12 items four of which popped out. The task was similar to that in Fig. 2 : subjects searched for a vertical line and signalled its presence or absence. On their reaction, a test line occurred (here also in target-absent conditions) and subjects indicated in which direction it appeared to move. Test lines were randomly located between the fixation spot and either the target or one of the three other salient elements ('anti-targets'). Apparent movement away from these locations is plotted in the bottom graph; only conditions in which the test lines presented at once (the previous 'simultaneous' condition) are shown. Illusory motion was seen at the target position but not at the anti-target positions. A reduced illusory motion effect was seen in no-target conditions. Differences between conditions were highly significant (P B0.001) except for the anti-target and no-target conditions (PB 0.01). this condition apparent motion was based on purely perceptual and attention-related differences. (The categories 'away' and 'to' were only used for analysis; subjects indicated all movements in terms of global direction pointers and were not informed about the different conditions of the test.)
The histograms in Fig. 2 show the percentage of trials in which subjects saw the line moving away from the target (filled bars) or from the anti-target position (hatched bars). The latter may serve as a control: in nearly all trials with an onset delay ('away', 'to') subjects saw the line moving in the expected direction. There was no preference for either direction when the test line was shown at once ('simultaneous'). Thus, for anti-target positions subjects reported the physical properties of the stimulus without any attention-related effects. At the target position however, movement of the test line was seen in a different way (filled bars). Subjects often saw the line moving away from the target when line segments were, in fact, presented simultaneously. They sometimes even saw it moving away when onset delays should have generated apparent movement in the opposite direction, i.e. towards the target (condition 'to'). This illusory motion effect is exactly what one would expect if attention was directed toward the target. The different percepts for test lines at target positions and test lines at anti-target positions then indicate that focal attention was directed toward the target but not toward the non-targets, when subjects reacted in the search task. The data document an effective shift of focal attention in serial search. Interestingly, the results were similar in the parallel search task (right-hand histogram). Even when targets popped out, search was accompanied by a shift of focal attention toward the target (filled bars) and away from non-targets (hatched bars).
The third experiment was designed to clarify if these shifts of focal attention, in parallel search, are related to the search process itself or are perhaps automatically evoked by the salience of the target (Joseph & Optican, 1996; von Grü nau et al., 1996b) . To rule out the possibility that attention shifts were irrelevant for the task, we used search patterns with four salient elements. Because these all popped out, subjects could not perform the task without identification of the target, and decisions based on the target saliency alone had led to numerous mistakes. A typical search pattern is shown in Fig. 3 . In order to provide targets and anti-targets of similar salience, we used lines of similar orientation contrast to neighbouring lines (90 and 75°, respectively; cf. Nothdurft, 1993c) . Salient elements were always equally spaced and test lines were shown between one of these and the fixation point. All non-target conditions were averaged in analysis ('anti-target' positions). If focal attention would automatically shift to salient objects, then test lines at the target position and test lines at anti-target positions should all be seen to move 'away'. However, illusory motion was only seen at the target position and not at anti-target positions (Fig. 3) . In this experiment test lines were also presented when the search pattern did not contain the target and all salient items were different from the vertical condition ('no target' condition). There was a small illusory motion effect in this condition suggesting that subjects attended to one of these items when terminating the search. Since test line positions were random (among the salient objects), this was the case in only one out of four presentations. However, when the target was present (and was detected), attention was focused there and no illusory motion was seen with the other salient objects.
Discussion
The data allow for two conclusions. First, when performing the search task subjects directed their attention to the target and withdrew it from non-target positions, at least at the moment when the target was found. This confirms that visual search was accompanied by dynamic control of focal attention. Second, as far as these dynamics are concerned there was no difference between serial and parallel search. Even when targets popped out and were immediately detected, attention was found to be located there and away from non-target positions.
That pop-out targets may attract attention was shown in recent studies (Joseph & Optican, 1996; von Grü nau et al., 1996a) . Like in the present study, von Grü nau et al. (1996b) also used the illusory line motion effect to study attention effects. With pop-out stimuli in large texture arrays they found two induced motion effects, a fast and non-specific effect that was seen with all texture elements and was triggered by stimulus onset, and a slower effect specifically related to pop-out. Since test lines, in the present study, were shown after subjects' reactions, i.e. at some delay after stimulus onset, the non-specific effect did not show up in the data. The pop-out specific effects, on the other hand, seem to be comparable. However, I measured attention effects in relation to the subjects' performance in the search task. Under this condition, pop-out elements did not generally evoke induced motion effects but only if they acted as the target in the search task (Experiment 3). I also compared attention effects between pop-out and nonpop-out targets, thus comparing attention effects in serial and parallel search.
The similar deployment of attention in serial and parallel search raises the question why search characteristics differ at all between these modes. How can reaction times indicate parallel processing if search always involves an (in principle) serial process of shifting focal attention? We think that the differences between serial and parallel search reflect a different control of atten-tion in these tasks (Nothdurft, 1992 (Nothdurft, , 1993a . Salient targets will immediately attract focal attention (Wolfe, 1994; Joseph & Optican, 1996; von Grü nau et al., 1996b) . If the target is the only salient object in a scene, attention is always directed there first, irrespective of the number of other (non-salient) objects.
Thus, reaction times may reflect parallel search characteristics (flat slopes) even though shifts of focal attention are involved which are serial in nature. If, on the other hand all items are similarly salient, the target cannot readily be sorted out and search may take longer until it is found. In this case, reaction times would on average increase with the number of objects, hence reflecting serial search characteristics (positive slopes). This view is supported by two experimental observations: (i) Parallel search may become serial if not only the target but also some non-targets are made salient so that the focus of attention is not always directed to the target (Nothdurft, 1992) . (ii) Vice versa, serial search can become parallel when the target is modified by attributes that are irrelevant for the search task but increase the salience of the target (Nothdurft, 1993a) . Serial and parallel search thus seem to differ mainly in the 'guidance' of the search process, a view highly concurrent with the model of 'Guided Search' by Wolfe (1994 Wolfe ( , 1998 .
The role of attention in visual search has been disputed over the years. While it was recently shown that salient items can attract focal attention (Joseph & Optican, 1996) , it was not clear if directed attention was indeed required to perform parallel search. Braun and Sagi (1991) found that the performance of trained subjects in detecting a salient object was little affected when they simultaneously had to pay attention to a second task. By contrast, performance in a typical serial search task was strongly affected in this case (Braun & Sagi, 1990 ). However, a recent study on naive subjects (Joseph, Chun & Nakayama, 1997) reported a similar deterioration of search performance in a parallel search task, when attention was simultaneously loaded in a second task. It has also been reported that targets which can be searched for 'in parallel' are not necessarily detected without attention (Mack, Tang, Tuma, Kahn & Rock, 1992; Rock, Linnett, Grant & Mack, 1992) . These studies question the earlier view that parallel search does not require focal attention. Sagi and Julesz (1985) demonstrated that the detection of a salient object and its identification are based on different processes. While several objects can be detected in parallel, identification appears to be serial. A similar distinction may apply for visual search. The present data confirm the role of focal attention in search and provide evidence that parallel as well as serial search are accompanied by attention shifts. On the basis of these data, 'pre-attentive parallel' search is neither parallel nor even pre-attentive, at least not if a specific target is to be searched for.
